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The idea of atomic-resolution holography has its roots in the
X-ray work of Bragg' and in Gabor’s electron interference
microscope’. Gabor’s lensless microscope was not realized in
his time, but over the past twelve years there has been a steady
increase in the number of reports on atomic-resolution holo-
graphy. All of this work involves the use of electrons®™ or hard
X-rays”™" to produce the hologram. Neutrons are often unique
among scattering probes in their interaction with materials: for
example, the relative visibility of hydrogen and its isotopes is a
great advantage in the study of polymers and biologically
relevant materials. Recent work'? proposed that atomic-resolu-
tion holography could be achieved with thermal neutrons. Here
we use monochromatic thermal neutrons, adopting the inside-
source concept of Szoke, to image planes of oxygen atoms
located above and below a single hydrogen atom in the oxide
mineral simpsonite'*,

The inside-source concept' uses the atoms making up the sample
as independent sources of coherent illumination. In the case of
X-ray holography and certain types of electron holography (such as
auger holography), the radiation is generated by atomic de-excita-
tion that propagates in the form of nearly spherical waves. This
radiation can pass through the sample unperturbed (reference
beam), or be scattered by the surrounding atoms (object beam).
The interference between the reference and object beams produces
the hologram. Similarly, incoherent scattering of thermal neutrons
produces spherical waves. Hydrogen has a large incoherent neutron-
scattering cross-section: o; = 80 barns. Unlike forms of electromag-
netic radiation that interact primarily with electrons, neutrons
interact directly with nuclei and are, to first order, equally capable
of imaging light atoms and heavy atoms. Consequently, atomic-
resolution holographic images can be obtained of materials com-
prised entirely of light atoms (for example, hydrocarbons). Both
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holography and conventional direct methods solve the phase
problem in crystallography. Inside-source holography has the
added advantage that only orientational order is required, that is,
translational symmetry is not necessary. Holography is therefore
also suitable for imaging non-crystalline materials such as nematic
liquid crystals. Because of the large g; of hydrogen, thermal neutron
holography should be particularly effective for the ab initio solution
of organic macromolecule structures.

The sample used to demonstrate the feasibility of neutron
holography was a single crystal of natural simpsonite, a rare oxide
mineral of aluminium and tantalum with chemical formula
Al Ta;03(OH). Simpsonite was first discovered in western
Australia' in 1939 and was examined using X-ray diffraction'® the
same year. More recently'” X-ray diffraction has been used to refine
the crystal structure in the trigonal space group P3 with unit cell
parameters a = 7.386(1) Aandc= 4.516(1) A. Simpsonite contains
only one H atom in the unit cell, which is convenient for this
demonstration experiment.

We obtained our data at the N5 instrument located at the
National Research Universal (NRU) reactor, Chalk River Labora-
tories, Canada. The experimental set-up is depicted in an annotated
photograph in Fig. 1. Neutrons of wavelength A = 1.3 A with an
estimated wavelength resolution of ANMA =~ 1.5% were obtained
from a (113) reflection of a germanium monochromator. The
sample-to-detector angular resolution was limited by distance colli-
mation, as defined by a combination of an aperture in neutron-
absorbing cadmium masks and the sample size, to approximately
2° vertically and 2° horizontally. The sample orientation (¢) and

3He detector
shielding

Incident &
beam
- collimator™ _.

Figure 1 Plan view photograph of the experimental set-up. The incident neutron beam
(originating from the bottom of the photograph) is parallel to the sample rotation axis (¢).
The hologram data was obtained by rotating the sample through 2+t radians, in optimal
steps for the given detector coverage (2° X 2°), at a given detector angle 6. This was
repeated, in 2° steps in 6, for 17° = 6 = 83°. Interference between the scattered beam
collimator and the sample rotation spindle imposed a lower limit on 6.
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Figure 2 Raw hologram data, plotted in 2° X 2° pixels on a surface of constant scattered
wavevector magnitude (|k,,| = 4.8 A~ "). Coordinates are oriented as indicated in Fig. 1,
and labelled in units of k. Detector counts are indicated by colour. Bragg-spot intensities

detector angle (6) were manipulated to optimally tile the scattered
wavevector, K., over most of a hemisphere of scattering from the
sample. Data collection (total scattering and background) over
approximately 1.7m steradians in k,,, directions took 10 days of
beam time to achieve sufficient statistical quality.

Figure 2 shows the raw intensity data, containing 4,334 solid-
angle 2° X 2° pixels limited to 17° = 0 = 83°. About 13% of the
pixels contain evident, intense Bragg peaks that were judiciously
excluded from the data analysis on a statistical basis. The remaining
intensity data contains the hologram data plus a 0-dependent
background due to the vanadium pedestal and aluminium
powder lines (at 6 = 32.3° 37.4°, 54.0° and 64.3°) due to the
aluminium wires used to secure the simpsonite crystal to the
vanadium pedestal (Fig. 1). The measurements were repeated
without the sample. This measured background, scaled by the
measured sample transmission, was subtracted from the raw
intensity data. The remaining scattered intensity distribution
from the sample, I(f,¢), contains a 6@-dependent variation
dominated by the H-atom incoherent elastic scattering Debye—
Waller factor and an irregular variation in 6§ and ¢ of the self-
attenuation owing to the highly asymmetric shape of the natural
simpsonite sample (see smaller inset of Fig. 1). These variations
were estimated by a least-squares fit of the background-subtracted
intensity to slowly varying, phenomenological functions of the
form D(0) = o, exp(a,(1 — cos0)) for the Debye—Waller factor,
and S(8, ) = (B, + 8,0 + B,0 + B;0°)(cos(¢ + f3,)) for the effect of
the irregular sample shape (w;,3; are fitted parameters). The
hologram modulation function is given by:

1(0, ¢)
x(0, ¢) DOSO. 9 1 )
From refs 12 and 18, the hologram modulation function for a
scattering potential consisting of a strong incoherent scatterer at the
origin, surrounded by a coherent scattering length distribution,
b(r), of pure s-wave, weak scatterers, is given by (aside from
constants):

x(k) = J ) Re (@exp(z‘(kr - k-r))) dr+00") ()
all space

The conditions for pure s-wave, weak scattering are particularly well
satisfied for unpolarized thermal neutron scattering from nuclei.
Additionally, for most nuclei, the thermal neutron-scattering
lengths are almost purely real and have the same sign'®. As such,
we can eliminate the conjugate image from a hologram made with
a single thermal neutron wavelength. Thus, the real part of the
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are truncated at the largest colour value indicated. The thin yellow ring at about 30°
from the pole is one of the aluminium lines.

scattering potential can be directly reconstructed from the meas-
ured hologram modulation function using the following relations:

Boen(r) = Wcos(kr) o Jmnstam‘k‘x(k) cos(kr)dk  (3)
_ b b( —
boyy(r) = Wsm(kﬂ « Lommklx(k) sinkr)dk  (4)

For single-wavelength or constant-|k| data, b(r) cannot be directly
determined by inversion of b (r) and b, (r). However,
boga(@) sin(kr) and b, (r) cos(kr) can be combined by a moving
average at the half-wavelength scale to give b(r). Although this
procedure permits the elimination of the conjugate image (that is,
b(-r)) in the reconstruction from single-wavelength data, one
consequence is that the atomic positions are pushed outwards
from the origin. This is because the neglected intensity of the
imaginary part of the reconstructed wave is an exponential, decay-
ing away from the origin. Combining holograms obtained at several
different neutron wavelengths will eliminate such artefacts.

Following the above procedure, reconstructions from single-
wavelength data are shown in Figs 3 and 4. The reconstructions
for this demonstration experiment are not of the highest possible
quality for the following reasons: (1) The data is incomplete along 6
and leads to a smearing out of the resolution along z of the
reconstruction. (2) The counting statistics are just adequate—the
statistical uncertainty per pixel is 2 to 3 per cent, whereas the
expected hologram modulation, from theoretical considerations
and simulations, is of the order of 0.5 per cent. This leads to a noisy
reconstruction and limits the range over which the reconstruction is
reliable. (3) The hologram reference beam is strongly modulated by
the Debye—Waller factor of the source atom. (4) The shape correc-
tion does not fully account for the extremely asymmetric shape of
the sample. The last two effects tend to produce asymmetric
distortions of the real space reconstruction. Nonetheless, the data
presented here demonstrate that the holographic ab initio recon-
struction reproduces the known features of the simpsonite crystal
structure (Figs 3 and 4).

The structure of simpsonite contains two layers of oxygen atoms
perpendicular to the ¢ axis of the crystal lattice. The first layer, which
is closest to the hydrogen atom, has an oxygen atom located directly
above (positive direction) the hydrogen atom along the direction of
the ¢ axis. This oxygen atom is surrounded by two triangular sub-
lattices of oxygen atoms, slightly below the position of the central
oxygen atom. In the second layer, located below (negative direction)
the hydrogen atom, the oxygen atoms form triangular lattices about
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Figure 3 Reconstructed plane located approximately +0.9A from the hydrogen atom
(the origin). The plane is roughly coplanar to the basal plane of the crystal. The central spot
is the oxygen atom located directly above the origin. The triangles are used to indicate the
two triplets of oxygen atoms located slightly below this central oxygen atom. The distortion
of the triangles is attributed to limitations in the quality of this demonstration data.

the perpendicular projection of the hydrogen atom onto this layer.

Figure 3 shows a reconstructed plane (approximately coplanar to
the basal plane) at a distance of +0.9 A from the incoherent source
hydrogen atom (the origin of the reconstruction). There is a
systematic distortion of the triangles (see overlays in Fig. 3) owing
to the data quality limitations. Nevertheless, all of the expected
oxygen atoms, the six of the two triangles and the central atom, are
present in the reconstruction. From X-ray data'” the oxygen—oxygen
separation along the side of these triangles is around 4.7 A. On the
basis of the reconstruction the average of the six oxygen—oxygen
separations illustrated in Fig. 3 isaround 5.2 Awith a deviation from
the mean of +0.3 A.

The next closest plane of oxygen atoms, found at a distance of
~1.4A from the origin, is depicted in Fig. 4. From the recon-
struction, it is easily seen that these oxygen atoms form a
similarly distorted triangle of nearest neighbours whose average
bond length is found to be 3. 1A, with a deviation from the mean
*+0. 5A X-ray data' determine the oxygen bond lengths to be
2.65A. The larger bond length deviation for this plane of oxygen
atoms, as compared to those oxygen atoms found at 0.9A, is
attributed to a combination of poor vertical resolution and
increased distance from the origin.

It should be noted that the distortion of the triangle in Fig. 4 is
consistent with the observed distortion of the two triangles in Fig. 3.
This systematic distortion provides confidence in the assertion that
the observed distortions in the reconstruction are attributable to the
effects already described. Consequently, it is expected that an
accurate reconstruction can be realized with refinements to the
data analysis, and with several data sets at various wavelengths, each
approaching 2 steradians in coverage, with improved resolution
and statistical quality.

Thus we have shown for the first time, to our knowledge, that
atomic-resolution holography can be achieved using thermal neu-
trons. The technique is based on using the incoherent scattering
from atoms of the material as internal, isotropic neutron sources.
Subsequent coherent scattering produces the hologram. For this
data the very large incoherent scattering cross-section of the
hydrogen atom was used to full advantage. This should make the
technique of particular interest to studies of polymers and biologi-
cal materials that are intrinsically rich in hydrogen. Also, because
thermal neutrons are low in kinetic energy (of order meV) and carry
no charge, they cause little or no damage in most materials,
including delicate biological systems*'. Spence” discusses in
broad terms the implications and potential applications of the
holography of atoms. The unique properties of neutrons—they
distinguish atoms of similar Z, differentiate isotopes, couple to
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Figure 4 Reconstructed plane located approximately —1 44 from the hydrogen atom
(the origin). The plane is roughly coplanar to the basal plane of the crystal. The centre of
this triangle of nearest-neighbour oxygen atoms is located directly below the origin
(defined by the hydrogen atom) in simpsonite. The distortion of the triangle is discussed in
the text and the Fig. 3 caption.

magnetic moments, and to first-order coherently scatter equally
well from light and heavy atoms—may now be used to address
problems that cannot be solved by holography using electromag-
netic radiation. In short, owing to the complementarity of neutrons
with forms of electromagnetic radiation, thermal neutron atomic-
structure holography is expected to become an essential tool for
holographic techniques. O
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